Additional index words. Allium Cepa, evapotranspiration, bulb size, pungency, flavonoids, quercetin Abstract. Agricultural communities in the semiarid regions of the world are constantly being affected by water scarcity, increased regulations restricting water use, strong competition for irrigation water with the urban sector, and severe drought periods. Conversely, the consumer demand for high-quality and nutritious foods is increasing rapidly. A 2-year field study evaluated growth, yield, and bulb quality in response to precision planting density and deficit irrigation of onion (Allium cepa L.) in southwest Texas. Seeds of short-day sweet onion cv. Texas Grano 1015Y were planted in the field on 11 Nov. 2007 and 30 Oct. 2008 at two planting densities (PDs), 397,000 (standard) and 484,000 (high) seeds/ha. Three irrigation rates using growth stage-specific crop coefficients and subsurface drip were imposed after plants were fully established, 100%, 75%, and 50% crop evapotranspiration rates (ETc). Total rainfall plus irrigation received for each irrigation rate were 594, 501, and 413 mm in 2008 and 662, 574, and 486 mm in 2009. In both seasons, there were consistent trends in growth, yield, and quality parameters. Leaf fresh weight was unaffected by PD but was reduced by deficit irrigation at 50% ETc. Although increasing planting density reduced the average bulb size by 12%, it increased the number of marketable bulbs by 21% to 33% and marketable yield by 7% to 14%. In contrast, deficit irrigation showed a trend to reduce both the number of bulbs and bulb size with yield reductions of 8% to 13% at 75% ETc and 19% to 27% at 50% ETc. Neither planting density nor deficit irrigation rate had a significant effect on soluble solids content, pungency, or quercetin contents. These results suggest that growers of short-day onions in semiarid regions could adjust PDs to target high-value bulb sizes. Implementing water-conserving practices (deficit irrigation at 75% ETc rate) would result in a decrease of high-value bulb grades and modest losses in yield but not flavor or nutritional components.
Edible alliums are important crops worldwide. Approximately 46% of the international trade value in alliums is for dry bulb onions (Brewster, 2008) . World dry bulb onion production in 2009 was 72 million t cultivated on 202,446 ha (FAO, 2010) . The major producing countries in 2008 were China, India, and the United States with 21, 14, and 3 million t, respectively (FAO, 2010) . Bulb onions are produced from the subarctic regions to the humid tropics, although they are best adapted to production in subtropical and temperate areas (Brewster, 2008) .
Improvements in water use efficiency in agriculture are needed as a result of scarcity of fresh water, increasing costs, and increasing world population growth (Bessembinder et al., 2005) . Agriculture uses 70% of the developed water supplies in the United States (FAO, 2010) ; therefore, water conservation programs are expected to play a pivotal role to improve water use efficiency. Significant water savings can be achieved by deliberately stressing plants to a certain profitable level. This management technique is generally known as deficit irrigation. If irrigation rates are reduced at predetermined developmental stages where deficits would not severely impact productivity, it is called regulated deficit irrigation, which was first proposed by Chalmers et al. (1981) for peach [Prunus persica (L.) Batsch] trees. Because of increasing water scarcity, it is expected that deficit irrigation would be adopted for a wide variety of crops and in more regions, especially in arid and semiarid climates of the world (FAO, 2002) . Furthermore, the application of growth stagespecific crop coefficients (K C ) for irrigation management in onion can provide precise water applications to meet crop water demand, resulting in greater yields, crop quality, and enhanced water use efficiency (Piccinni et al., 2009) .
Subsurface drip irrigation allows the application of small amounts of water to the soil through drippers placed directly in the root zone, thereby improving irrigation water use efficiency, nitrogen use efficiency, and profitability (Halvorson et al., 2008; Shock et al., 2007) . Rajput (2008, 2009 ) reported higher yields in onion cultivated with subsurface drip when compared with surface drip irrigation. High irrigation efficiencies in onions can also be achieved with a center pivot using drops converted to low-energy precision application heads placed at %0.3 m above the ground (Piccinni et al., 2009) .
It is questionable whether conventional plant spacing results in maximum yield, particularly for root and tuber crops. In accordance with Caliskan et al. (2009) , the optimization of plant density is of great importance in maximizing yield, because increasing plant density per unit area normally results in competition between plants for growth resources such as solar radiation, water, and nutrients, whereas suboptimal densities lead to waste of these inputs.
Onions are primarily consumed for their flavor and ability to enhance the flavor of other foods (Kopsell and Randle, 1997) . Flavor intensity in onion is dominated by organosulphur compounds arising from the enzymatic decomposition of S-alk(en)yl-L-cysteine S-oxide when the cells are mechanically ruptured. This reaction produces thiopropanol S-oxide, pyruvic acid, ammonia, and many sulfur volatiles (Whitaker, 1976) . The determination of pyruvate as an indicator of pungency is the most commonly established method for pungency assessment in onion. Pungency level and total soluble solids are important quality attributes of onion bulbs for processing and storage. Pungency contributes to postharvest life and processing quality (Dhumal et al., 2007) , and it is an indicator of the onion flavor intensity (Abayomi et al., 2006) .
Onion has significant nutritional and medicinal properties such as anticarcinogenic, antiplatelet activity, antithrombotic activity, and antiasthmatic and antibiotic effects (Griffiths et al., 2002) . They are good sources of polyphenolic flavonoids such as quercetin (aglycone and its glycosides), which comprise a large group of natural antioxidants (Caridi et al., 2007; Mogren et al., 2007) . The content of these phytonutrients in onions is highly dependent on genetic (genotype, cultivar, etc.) as well as environmental factors. For instance, yellow, red, and pink onions have been shown to contain higher quercetin concentrations, up to 286 mgÁg -1 fresh weight, than white onions (Patil et al., 1995) . The effect of irrigation strategies on quercetin content of onion remains largely unknown.
Previous investigations have not evaluated the interactive effects of PD and deficit irrigation rates using specific growth-stage crop coefficients as a tool for evapotranspirationbased irrigation management of short-day onions. Selecting improved irrigation practices for onions is crucial for production in water-limited areas of the world. The aim of this 2-year study was to determine the optimal combination of PD and subsurface drip irrigation level that would lead to water savings while maintaining yield and quality of short-day onion. The study was conducted using a factorial experiment. PDs used were 397,428 (standard PD) and 484,365 (high PD) seeds/ha resulting from seeds planted at 10 and 8 cm apart in the same row, respectively. The irrigation rates were 100%, 75%, and 50% ETc. The irrigation scheduling was based on the daily crop ETc of the well-watered crop, which was calculated as the product of the daily reference evapotranspiration and the related onion Kc. The ETc values were estimated using weather data from a local weather station and the Penman-Monteith method and adjusted by stage-specific crop coefficients (Table 2) developed for onions at the Texas AgriLife Research Center in Uvalde and as described in Piccinni et al. (2009) . Irrigation for the 100% ETc treatment was triggered when the total cumulative daily ETc reached %15 mm, and rates for 75% and 50% ETc were adjusted accordingly. Seeds were planted on four rows spaced 10 cm apart in the bed. To ensure adequate stand establishment, plants for all treatments were first irrigated with 100% ETc, and the differential irrigation treatments started after plants were fully established. Data on total rainfall and initial and differential irrigation for both seasons are shown in Table 3 .
Materials and Methods

Cultural
Plant measurements. Plants were sampled periodically throughout development at various dates after planting (DAP). The following growth variables were measured: leaf number per plant, plant height, leaf chlorophyll index in the first fully developed leaf with a SPAD-502 m (Konica Minolta Sensing Inc., Tokyo, Japan), stem and bulb diameter, and leaf and bulb fresh weight (FW). Bulbing ratio (bulb diameter/stem diameter) was calculated at three stages of development in both seasons.
Yield and bulb sizes. Harvests were done on 6-m long plots on 27 May 2008 and 18 May 2009, a time when more than 80% of the leaves (pseudostems) were bent over. At harvest bulbs were sorted by diameter into different commercial classes: small (less than 5.7 cm), medium (5.7-7.6 cm), large (7.6-9.5), jumbo (9.5-10.5), and colossal (greater than 10.5 cm). Bulb number, marketable yield (tÁha -1 ), percentage of marketable to total yield, and average bulb size (g/bulb) were determined. During bulb sorting, 10 large bulbs per replication were sampled for bulb quality determination. Total soluble solids (°Brix) were measured with a digital refractometer from the onion juice squeezed by a garlic press. Pungency as determined by the pyruvic acid concentration and the flavonoid quercetin was measured as described subsequently.
Pyruvic acid analysis. All onion bulbs were tested within 1 month after harvest. The whole onion bulb was blended in a home mixer after the neck, basal plate, and skins were removed. The onion tissues were blended without adding water and the juice was collected by filtering the puree through a filter paper. Thereafter, the juice was kept in plastic vials and frozen at -20°C until the time of analysis. The pyruvic acid content in the juice was measured by an automatic system developed by Yoo and Pike (1999) . Sodium pyruvate solutions ranging from 0 to 10 mmolesÁmL -1 were used to construct a standard curve. 0.8 0.9 EC = electrical conductivity; C = carbon; N = nitrogen; P = phosphorus; K = potassium; Ca = calcium; Mg = magnesium; S = sulfur; Na = sodium; Fe = iron; Zn = zinc; Mn = manganese; Cu = copper. Quercetin analysis. A cross-section of onion tissue (20 g) was blended with 80 mL 80% ethanol and filtered with a P-1 filter paper (Fisher, Pittsburg, PA). Four milliliters of the extract was mixed with 2 mL 3 N HCl in a 15-m centrifuge tube and cooked for 60 min at 90°C with a glass tube vent (Lee et al., 1995) . The sample was cooled, filtered by a 0.45-mm filter, and placed into a highperformance liquid chromatography (HPLC) sample vial (0.75 mL). The sample was injected into an HPLC system consisting of a Perkin Elmer (Norwalk, CT) LC 200 series pump, an LC 200 autosampler, an ultraviolet/Vis detector, and a Nova-Pak C18 column (3.9 mm · 15 cm; Waters, Milford, MA). The mobile phase was 45% MeOH with 0.5% phosphoric acid at a flow rate of 0.8 mLÁmin -1 and detection was made at 360 nm. An external standard of quercetin was included in the analysis and used to generate calibration equations for calculating bulb quercetin contents.
Statistical analysis. The experiments over the 2008 and 2009 seasons were conducted using a split plot design with six replications; the planting densities were the main plots and irrigation rates the subplots. Main plots were 91 m long and 6.1 m wide and subplots were 91 m long and 2.03 m wide. To avoid overlapping from irrigation rates, all samples were taken from the inner two lines per each bed. All growth parameters, yield, and quality data were subjected to analysis of variance using SAS (SAS Institute Inc., 1993). Differences among PDs and irrigation rates were determined according to the Tukey's Studentized range test at P # 0.05.
Results
Irrigation. The rainfall contribution was similar in both years, 85 mm in 2008 and 98 mm in 2009 (Table 3 ). In the first season, 32 irrigation events were applied, the first 10 applying the same amount (156 mm) to all three treatments to ensure an adequate stand establishment. After plants were uniformly established, 22 different irrigation events were applied, 353, 260, and 172 mm for the 100%, 75%, and 50% ETc irrigation rates, respectively. In the second season, 33 irrigation events were applied, the first 13 applying the same amount (177 mm) followed by 20 additional applications, 387, 299, and 211 mm for the 100%, 75%, and 50% ETc rates, respectively. The rainfall contribution to the total water input was 14% for the 100% ETc treatment for both seasons.
Soil moisture content. The relative volumetric soil water content for the 2008 season is presented for 100% ETc and high PD at 15-, 30-, and 45-cm depth (Fig. 1) . A slight decreasing trend in soil moisture over time was observed at 30-and 45-cm depth after 140 DAP, whereas most of the crop water use was evident in the 15-cm depth. Soil water content for the 2009 season is presented for all treatments, except 15-cm depth at 100% ETc (defective sensor). At 100% ETc, a slight decreasing trend in soil moisture over time was also observed at 30-and 45-cm depth after (Fig. 2) . Plant growth parameters. Plant growth evaluated as leaf number per plant and plant height were unaffected by PD in both years (not shown). High irrigation rate (100% ETc) increased leaf number (up to 11.5 leaves per plant at 161 DAP) in the 2008 season and plant height in both seasons (data not shown).
There was only one significant planting density · irrigation interaction (P # 0.05) for the variables bulbing ratio (Table 4) , leaf chlorophyll index (Table 5) , or leaf and bulb fresh weight (Tables 6 and 7) , viz., bulbing ratio at 175 DAP in 2008 (Table 4) .
Bulbing ratio was unaffected by PD in both seasons but was affected by irrigation rate in the first season (162 and 175 DAP) increasing with deficit irrigation at 50% ETc as compared with 100% ETc. This trend was also observed in the second season, although it was not statistically significant (Table 4) . A bulbing ratio of 2 or greater is commonly considered bulb formation. According to these criteria, bulb formation occurred by %160 DAP in both seasons.
Leaf chlorophyll index was unaffected by PD (P # 0.05) except for a significant reduction in the high PD at 147 DAP in the 2008 season (Table 5 ). There was a steady increase in leaf chlorophyll index in 2008 at 147 and 161 DAP as irrigation rate decreased from 100% ETc to 50% ETc. However, at 175 DAP, the highest leaf chlorophyll index was found with 100% ETc, suggesting that earlier leaf senescence may have occurred with deficit irrigation in 2008.
Leaf growth per plant (FW basis) was unaffected by planting density but was significantly different in response to irrigation rates in both seasons (Table 6) (Table 7) .
Yield and yield components. Excellent yields were obtained in both seasons (range, 52 to 72 tÁha -1
). There were no significant planting density · irrigation rate interactions (P # 0.05) for marketable yield and yield components ( Table 8) . As expected, the number of bulbs was lower at the standard PD compared with high PD. Conversely, the average bulb weight was higher for the standard PD, 276 and 232 g, as compared with the high PD, 244 and 201 g, for the 2008 and 2009 seasons, respectively. Bulb weight also decreased with deficit irrigation (50% and 75% ETc) compared with 100% ETc in the 2008 season.
Marketable yield (tÁha (Table 8) .
Bulb size distribution. There were significant effects of both PD and irrigation rates on medium and jumbo sizes during the 2008 season (Table 9 ). Higher percentages of medium bulbs were obtained with the high PD (average 36.1%) and with the 50% ETc irrigation rate (average 42.5%), whereas the largest percentage of jumbo bulbs was obtained with the standard PD (average 19.2%) and with 100% ETc irrigation rate (22.3%). In this season, there were significant PD · irrigation rate interactions (P # 0.05) for small, large, and colossal bulbs. A higher percentage (although numerically low) of small bulbs was present when plants were irrigated with the 50% ETc rate (2.3% in both PDs). For the large size category, more bulbs were obtained with the standard PD and 50% ETc (44.4%) or with the high PD irrigated with 100% (42.8%) or 75% ETc (43.4%). For the colossal bulb category, the highest percentage was obtained for the standard PD and 100% ETc followed by the standard PD and 75% ETc (Table 9 ).
In the 2009 season, PD was the only factor impacting bulb sizes for the medium and jumbo categories at P # 0.05 (Table 9 ). The high PD led to a higher percentage of medium bulbs (average 46.3%) and lower percentage of jumbo-sized bulbs (6.7%). Conversely, the standard PD led to a lower percentage of medium bulbs (average 31.2%) and more jumbo-sized bulbs (14.3%).
Soluble solids, pyruvic acid, and quercetin. Although there was a decreasing trend in soluble solids content and an increase in Table 7 . Bulb fresh weight of onion (cv. TG 1015) as affected by planting density and irrigation rate. Onion bulbs were categorized as small (less than 5.7 cm), medium (5.7-7.6 cm), large (7.6-9.5 cm), jumbo (9.5-10.5 cm), and colossal (greater than 10.5 cm) based on bulb diameter. y Means in a column followed by the same letter are not significantly different at P # 0.05 according to the Tukey's Studentized range test. ETc = evapotranspiration. pyruvic acid in response to deficit irrigation, neither PD nor irrigation rate nor their interactions affected total soluble solid content, pyruvic acid, and quercetin concentration (Table 10) .
Discussion
Planting density did not affect the aerial plant development (leaf number, plant height, leaf FW), which was in accordance with Brewster and Salter (1980) , who reported that plant height did not differ significantly among three PD (430,000, 860,000 and 1,290,000 plants/ha). A PD study by Kanton et al. (2002) showed no differences on the number of leaves per plant, but plant height and bulb size decreased as PD increased from 370,400 to 1,562,500 plants/ha. A study conducted in Brazil by Cecílio Filho et al. (2009) showed that increasing PDs from 600,000 to 1,080,000 plants/ha decreased dry mass of the aerial part and bulbs.
Greater yields per hectare with lower weight per bulb, as demonstrated in this study for the high PD in a short-day onion (Table 8) , were also shown for other onion types. In long-day onions evaluated in Oregon, Shock et al. (2004) showed a positive yield response with increasing plant population in the range of 185,000-370,000 plants/ha. In Italian onion cultivars, Dellacecca and Lovato (2000) obtained a 50% increase in yield when increasing PD from 266,000 to 800,000 plants/ha. Similarly, Brewster and Salter (1980) also obtained a 43% yield increase when using 1,290,000 plants/ha compared with 430,000 plants/ha.
Irrigation rates had a greater impact than PD on shoot growth, bulb size, and marketable yields. Kumar et al. (2007b) reported a progressive increase in onion plant biomass (dry weight basis) with increasing irrigation levels from 60% to 120% ETc. In their study, irrigation was applied with a microsprinkler system based on cumulative pan evaporation. In Ethiopia, Bekele and Tilahum (2007) also reported yield reductions of 15% and 45% with deficit irrigation at 75% and 50% ETc. In a 2-year study, Ells et al. (1993) compared three furrow irrigation rates (75%, 100%, and 200% ETc); onion yields were reduced only in 1 year by 12% with 75% ETc compared with 100% ETc, but no difference was found between the 100% and 200% ETc rates. High average bulb size at 100% ETc irrigation rate is in agreement with the findings of Enciso et al. (2009) and Kumar et al. (2007a Kumar et al. ( , 2007b .
Onion size is also influenced by irrigation method and the timing of imposing water stress. Halvorson et al. (2008) obtained a greater percentage of colossal and jumbo-sized bulbs under drip compared with furrow irrigation. Studies by Shock et al. (1998 Shock et al. ( , 2000 comparing different soil water potential thresholds for furrow and subsurface drip irrigation reported an increase in marketable yield and percentage of large-sized bulbs with high soil water potentials (range, -10 to -21 kPa). A follow-up study by Shock et al. (2007) analyzing the effect of water stress in different growth stages showed yield reduction of larger bulb sizes (combined jumbo, colossal, and super colossal) when the stress was applied at the eight-leaf stage as compared with nonstressed plants. Traditionally, total bulb yield has been used as a good indicator for potential income, but this is not always translated into the greatest profit. Typically, growers receive higher prices for large and jumbo-sized bulbs; therefore, they are interested in increasing marketable yield as well as yield of bigger size classes (Boyhan et al., 2005) .
Onion pungency is known to differ with cultivar, stage of maturity, type of soil, soil moisture, and other growing conditions (Kalra et al., 1995; Saghir et al., 1965) . In our study, no significant effect of PD and irrigation rates was recorded on pungency. Similarly, total soluble solids and quercetin content were unaffected by both treatments. This is consistent with findings from previous studies (Enciso et al., 2009; Jiménez et al., 2010; Leskovar et al., 2004) . In contrast, Kumar et al. (2007a) found slightly higher total soluble solids at 1.00 pan evaporation replacement (Ep) as compared with 0.6 or 1.2 Ep. However, their study used a red-colored cultivar, transplants, and a microsprinkler irrigation system.
In conclusion, this 2-year study demonstrated that both irrigation rate and PD had an impact on marketable yield but not on flavor components and quercetin content of shortday onion. On average, total bulb yields were increased (%14%), whereas average bulb size decreased in response to increased PD. The decline in onion yield by deficit irrigation applied by subsurface drip at 75% ETc and using growth stage-specific crop coefficients was modest, 8% compared with 23% at 50% ETc. However, deficit irrigation would result in losses of high-value bulbs. As drought episodes continue to impose significant threats to agricultural production, especially in semiarid regions, we expect some onion growers to adopt water-conserving practices (75% ETc rate). Our findings are useful for refining short-day onion crop management practices aimed at optimizing yields for water-restricted areas. Table 10 . Soluble solids content (SSC), pyruvic acid, and quercetin concentrations in large size bulbs (diameter of 7.6-9.5 cm) of onion (cv. TG 1015) as affected by planting density and irrigation rate. 
